An intracellular glycerol ester hydrolase (lipase) from Propionibacteriwn shermanii was recovered from cell-free extracts and purified by ammonium sulfate precipitation, gel filtration, and ion-exchange chromatography on diethylaminoethylcellulose. Maximum enzyme activity was observed at pH 7.2 and 47 C when an emulsion of tributyrin was used as substrate. The enzyme was stable between pH 5.5 and 8. Heating the enzyme solution at 45 C for 10 min resulted in a 75% decrease in activity. Maximum rate of hydrolysis of triglycerides was observed on tripropionin, followed in order by tributyrin, tricaproin, and tricaprylin. The lipase was strongly inhibited by mercury and arsenicals, but specific sulfhydryl reagents had little or no inhibiting effect on the enzyme activity. The enzyme also showed some esterase activity, but the hydrolysis of substrates in solution was small as compared to the hydrolysis of substrates in emulsion.
The formation of monocarboxylic acids from carbohydrates by the propionic acid bacteria has been extensively studied, and the pathway is known to contain a number of enzymes, many of which have been purified and characterized (2) . The formation of monocarboxylic acids from triglycerides by propionic acid bacteria, however, has not been investigated. In another report (Oterholm, Ordal, and Witter, J. Dairy Sci., in press), we presented evidence that Propionibacterium shermanii possesses a glycerol ester hydrolase (EC 3.1.1.3) which forms monocarboxylic acids from triglycerides as the substrate. The present work is concerned with the purification and characterization of this enzyme in an effort to obtain further information of microbial lipases in general and of the glycerol ester hydrolyzing properties of the propionic acid bacteria in particular.
MATERIALS AND METHODS
Organism and cultural conditions. The strain of P. shermanii used in this work was obtained from Chr.
Hansen's Laboratory, Inc., Milwaukee, Wis. The organism was routinely grown in 5-liter batches as stationary culture at 30 C for 38 to 40 hr in a medium containing 5 g of yeast extract (Difco), 20 g of Trypticase, and 5 g of glucose per liter (20) . Stock cultures and cultures for daily use were prepared as previously I Present address: Norske Meieriers Salgssentral, Oslo 1, Norway. described (20) , with the above broth as the basal medium.
Preparation of cell-free extract. After harvesting by centrifugation, the cells were washed three times in 0.01 M ammonium chloride buffer and resuspended in 200 ml of the same buffer. Cell-free extract was then prepared as described by Oterholm, Ordal, and Witter (20) . The protein content of the cell-free extract was determined by the method of Lowry et al. (16) with crystalline serum albumin as the standard.
Lipase assay. The glycerol ester hydrolase (lipase) activity of the cell-free extract was determined by measuring the initial rate of hydrolysis by continuous titration of the liberated acids with 0.1 N C02-free KOH by using an automatic recording pH-stat (E.
H. Sargent & Co., Chicago, Ill.). Controls containing boiled enzyme were similarly titrated. An emulsion of tributyrin in 10% gum arabic (5) was routinely used as the substrate. The assays were conducted at 35 C and at pH 7.2. One unit of enzyme activity is defined as the amount of enzyme which catalyzes the formation of one nano-equivalent of acid per minute. The simple triglycerides, esters of fatty acids and aromatic esters, used as substrates were all reagent grade commercial preparations. Emulsions of the various substrates were prepared by ultrasonic treatment by the procedure described for the assay of lipase from the lactic acid bacteria (20 47 .5 C at pH 7.2 as follows. A 0.15-ml amount of the enzyme solution was added to 9.85 ml of distilled water which had been previously equilibrated at the appropriate test temperature. The diluted enzyme solution was kept at the temperature being tested for 10 min. At the end of this incubation period, the solution was brought to the assay temperature of 35 C by addition of 2 ml of an ice-cold tributyrin emulsion, and the activity was determined by continuous titration of the liberated acids.
Michaelis constant. The relation between substrate concentration and enzyme activity was obtained by determining the reaction rate on various concentrations of tributyrin emulsion at pH 7.2 and 35 C. The Michaelis constant, Km, for the enzyme was determined by the double-reciprocal plot method of Lineweaver and Burk (15) .
RESUTLTS AND DISCUSSION
The scheme of treatment used for the purification of glycerol ester hydrolase from P. shermanji is given in Table 1 . The specific activity of the purified enzyme was 141-fold over that of the starting cell-free extract, and the overall yield was about 44%.
The lipase protein was eluted from the DEAEcellulose column at a concentration gradient ranging from 0.32 to 0.37 M NaCl and was contained in the very last portion of the eluted proteins. An attempt to purify further the enzyme by gel filtration on Sephadex G-75 was not successful, because the lipase activity was found in the major protein peak which came off the column with the void volume. This indicated, however, that the lipase protein was a relatively large molecule since the molecular weight exclusion limit of Sephadex G-75 is approximately 50,000.
The rate of hydrolysis of the tributyrin emulsion obeys zero-order kinetics as shown in Fig. 1 . A linear relationship was also evident when enzyme activity was measured as a function of protein concentration (Fig. 2) . The same direct * proportionality was also found when crude extract was used as the source of enzyme.
The effect of the hydrogen ion concentration on * the activity of the enzyme (Fig. 3) (25) for Staphylococcus aureus on triolin as the substrate, whereas Kvamme, Clagett, and Treumann (14) found the energy of activation of wheat germ lipase to be 8,000 cal/mole. The activation energies which hitherto have been reported for bacterial lipases appear to be of the same order of magnitude as that of P. shermanii.
The procedure used for studying the thermal inactivation of the lipase (see above) should eliminate the inactivation resulting from the time necessary to heat or cool the enzyme solution to the given temperatures. The inactivation of P. shermanii lipase by exposure to various temperatures is given in Table 2 . After 10 min at 35 C in the absence of substrate, there was some loss in activity. This loss increased to greater than 80% after 10 min at 47.5 C. Apparently, the lipase of P. shermanii does not belong to the group of markedly thermostable bacterial lipases found in Pseudomonas fragi (17) , Achromobacter lipolyticum (18) , Pseudomonas mucidolens (22) , and others. The lipase of P. shermanii, however, was much more stable in the presence of its substrate than it was in aqueous solution. The enzyme lost only 12% of its activity in 10 min at 47.5 in the presence of an emulsion of tributyrin as compared to a loss of 82% in aqueous solution at the same temperature. Exactly the opposite effect has been reported for a "tributyrinase" from wheat germ (23) , whereas the thermostability of the lipase of P. fragi appears to be increased in the presence of fat or protein in the medium (17) .
For the action of pancreatic lipase, Desnuelle (4) has shown that the interfacial area is more VOL. 20, 1970 aAn 8.95-ml amount of distilled water was equilibrated at the respective temperatures followed by the addition of 0.15 ml of the enzyme solution. After 10 min of incubation at the appropriate temperatures, the enzyme solution was brought to the assay temperature, 35 C, by the addition of 2 ml of an ice-cold tributyrin emulsion, and the remaining activity was determined by continuous titration of the liberated acids at pH 7.2.
b No decrease in the reaction rate was observed when the enzyme was incubated for 10 min at 35 C and at pH 7.2 in the presence of substrate, and the activity under these conditions was taken as 100%. The relation between substrate concentration the conditions described in footnote a of Table 1 was taken as 100%.
and lipase activity is presented in Fig. 6 . From the inserted double reciprocal plot of reaction rate versus tributyrin concentration, the Km value was calculated to be 2 X 10-3 M. This value is somewhat larger than the Km of 6 X 10-4 M found for pancreatic lipase (27) . As indicated in another report (Oterholm, Ordal, and Witter, J. Dairy Sci., in press), the crude extract of P. shermanii exhibited small amounts of esterase activity when assayed on a typical esterase substrate such as triacetin in solution. The various preparations obtained during purification were also found to contain a weak esterase activity. However, the ratio of esterase (12) and the purified lipase of Rhizopus delemar (9) and P. fragi (17) . Wills (29) was one of the first investigators to observe that mammalian lipases preferentially hydrolyze triglycerides of short chain fatty acids, notably tripropionin and tributyrin. With the apparent exception of the lipase from P. fragi (17) , microbial lipases also preferentially hydrolyze triglycerides of short-chain fatty acids. The substrate specificity of the lipase of P. shermanii (Table 5) corresponded to other microbial lipases (7, 11, 23, 25) by showing a maximum rate of hydrolysis toward tripropionin and a decreasing rate with increasing fatty acid chain length.
The effect of selected inhibitors on the activity of the lipase of P. shermanii is given in Table 6 . In common with many hydrolytic enzymes (3, 28) , this lipase was strongly inhibited by mercuric ions and arsenate. Inhibition by heavy metals and arsenate suggested the possible participation of sulfhydryl groups in the active sites of enzyme activity. This suggestion was negated, however, by the lack of or very little inhibition caused by the more specific sulfhydryl inhibitors of phydroxymercuribenzoate and iodoacetate. Since the rate at which lipases hydrolyze triglycerides is dependent upon the interfacial area between the emulsified substrate and soluble enzyme, agents which reduce this area may act as inhibitors even though they do not combine with the enzyme itself. Inhibition of lipolytic activity by the surface-active agents ethylenediaminetetraacetate and sodium taurocholate may act in this manner. The sensitivity of this lipase to calcium ions differs from some other microbial lipases which have been shown to be activated by equivalent concentrations (12, 27, 30) , but generally the pattern of inhibition of P. shermanii lipase is similar to that of other microbial lipases.
